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We realized ambipolar Field-Effect Transistors by coupling exfoliated thin flakes of tungsten 
disulphide (WS2) with an ionic liquid-dielectric. The devices show ideal electrical characteristics, 
including very steep sub-threshold slopes for both electrons and holes and extremely low OFF-
state currents. Thanks to these ideal characteristics, we determine with high precision the size of 
the band-gap of WS2 directly from the gate-voltage dependence of the source-drain current. Our 
results demonstrate how a careful use of ionic liquid dielectrics offers a powerful strategy to 
study quantitatively the electronic properties of nano-scale materials.  
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The discovery that high-quality graphene monolayers - with outstanding optoelectronic 
properties - can be extracted from graphite crystals by using simple exfoliation techniques (1) has 
prompted research on a broad class of materials produced by similar means (2). Exfoliation 
works well for most van der Waals layered materials, since the absence of covalent bonds 
between adjacent layers promotes chemical stability and eliminates problems posed by dangling 
bonds at the material surface, providing “defect-free” crystals down to the atomic thickness. The 
investigation of exfoliated crystals is interesting for different reasons. As illustrated by different 
studies on mono-, bi-, and tri-layer graphene, the properties of layered materials at the atomic 
scale can differ significantly from those of their bulk parent compounds (3-5).  For metallic 
materials, exfoliated layers can be made as thick as the electrostatic screening length, allowing 
uniform modulation of their charge density by field-effect (6).  The use of thin exfoliated crystals 
can be advantageous even when their thickness is tens of nanometers (i.e., much thicker than one 
atom/unit cell), since the small thickness favors better material uniformity and increases the 
experimental sensitivity to surface properties. This is the case, for instance, of topological 
insulators, where the use of thin flakes minimizes problems associated with parasitic conduction 
through the poorly insulating bulk of the material (7).  
  These considerations apply particularly well to the transition metal dichalcogenides (TMDs), a 
well-known class of inorganic layered materials in which superconductivity, charge density 
waves, semi-metallicity, and semiconducting behavior have been observed (8-13). Exfoliated 
monolayers of molybdenum disulphide (MoS2) were recently found to possess superior 
optoelectronic properties with respect to their bulk parent compound, as they exhibit a direct 
semiconducting band-gap - rather than a indirect one (14,15 )- allowing luminescence (16) and 
enabling the realization of high-performance Field-Effect Transistors (FETs) (17). Thanks to 
their chemical stability, exfoliated TMDs are also materials of choice to realize ionic liquid-gated 
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FETs (18-20) where an electrolyte-dielectric is employed to accumulate very high densities of 
surface carriers with the intent to induce, for example, new electronic states of matter. This 
promising research direction counts few pioneering results showing the possibility to reach 
surface charge densities in excess of 1014 cm-2 (21), and the occurrence of ambipolar transistor 
operations with high mobility for both electrons and holes (22). Here we use the same field-effect 
technique on thin flakes of tungsten disulphide (WS2) to show that ionic liquid-gated FETs, 
fabricated on high quality exfoliated crystals, enable the quantitative investigation of the material 
electronic properties.  
  WS2 is an indirect gap semiconductor (∆WS2 ~1.35 eV) (15, 23) formed by two-dimensional 
(2D) covalently bonded S-W-S layers separated by a van der Waals gap (Fig. 1 (a)) (24). This 
semiconductor has been extensively characterized in the past (25-29) and bulk crystals have been 
widely used to realize unipolar FETs working in accumulation of either electrons (n-type) or 
holes (p-type), depending on the crystal doping and on the preparation technique (30,31). 
However, the potential of WS2 thin flakes is only now starting to be appreciated (32). We found 
that, by coupling thin exfoliated flakes of WS2 with an ionic liquid dielectric, stable and 
hysteresis-free ambipolar transistors with balanced electron and hole conductivities can be 
realized. The devices characteristics show very steep subthreshold slopes for both electrons and 
holes –corresponding to threshold voltage swings close to the ultimate room-temperature value 
of 66 mV/decade– which is indicative of virtually perfect capacitive coupling between the ionic 
liquid and the WS2 surface, as well as of the high quality of the material. The high material 
quality is also indicated by the low OFF-state current, which confirm that the density of 
unintentional dopants and in-gap states in the WS2 thin flake is negligible. Thanks to these ideal 
transistor characteristics, we show that it is possible to determine with high precision (~10 %) the 
size of the band-gap of WS2 directly from the gate-voltage dependence of the source-drain 
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current. Next to demonstrating ambipolar transistor operation of unprecedented quality, these 
results show that a careful use of ionic liquid-gated transistors provides a powerful tool to 
investigate quantitatively the electronic properties of thin exfoliated crystals. 
Thin crystalline flakes of WS2 were obtained by mechanical exfoliation of a bulk single crystal 
grown by chemical vapor transport and then transferred on a highly doped Si/SiO2 substrate (see 
Supplementary Information for details on the crystal growth). Flakes suitable for electrical 
characterization were identified under an optical microscope and their thickness was measured by 
Atomic Force Microscopy (AFM). Electrical contacts were fabricated by electron-beam 
lithography, followed by metal (Ti/Au) evaporation and lift-off (the surface of WS2 was Ar-
bombarded in situ prior to the metal deposition). We realized approximately 10 different devices 
on flakes with lateral dimensions ~ 10 µm (depending on the lateral dimensions two- or six-
terminal devices were realized; see Fig. 1 (b)), and with thickness ranging from 20 to 60 nm (in 
the range investigated the device characteristics were found to be thickness independent). The 
ionic liquid 1-butyl-1-methyl pyrrolidinium tris-(pentafluoroethyl)trifluorophosphate 
[P14]+[FAP]- (Fig. 1 (c)) was chosen as electrolyte-dielectric, because of the wide 
electrochemical stability window (± 4 V) and of the hydrophobicity of the [FAP]- anion (33, 34) 
(minimizing the water content in the ionic liquid is essential for the device stability; for the same 
reason the ionic liquid was placed onto the device in an inert atmosphere and the as-prepared 
device was rapidly introduced in the vacuum measurement chamber avoiding long-term air 
exposure). The ionic liquid was retained between the substrate, a gold wire acting as the gate 
electrode (Fig. 1 (d)) and a rubber well manually deposited onto the substrate. A silver wire 
treated with piranha solution (H2SO4 /H2O2, ratio 3:1) was also inserted in the electrolyte and 
used as Ag/AgO quasi-reference electrode to measure directly the electrochemical potential 
across the semiconductor/electrolyte interface (35,36). The reference electrode allows us to 
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account for the possible potential drop at the gate/electrolyte interface (Fig. 1 (d); see 
Supplementary Information for details). All measurements were performed with an Agilent 
Technology E5270B parameter analyzer at room temperature and in high vacuum (< 10-6 mbar), 
after overnight pumping to minimize the moisture content in the ionic liquid.  
  Fig. 2 (a) shows the dependence of the source-drain current (ID) of a two-terminal WS2-
transistor (measured at source-drain voltage VD = 0.1 V) on the gate voltage VG. The data show 
ideal, virtually hysteresis-free ambipolar transistor behavior: a large source-drain current ID is 
measured at high negative and positive gate voltage - when the Fermi level is deep in the valence 
and conduction band - and vanishes in between. In the transistor OFF-state - when the Fermi 
level is in the WS2 band-gap - the current is ~10 pA, corresponding to the experimental 
sensitivity, indicating a very low density of unintentional dopants in the material, as well as of 
intra-gap states that could mediate hopping conductivity. Finally, note that this low OFF-state 
current originates from the high-quality of the WS2 crystals, slowly grown by chemical vapour 
transport; such a low current is not observed in the characteristics of natural mineral MoS2 
crystals that have been used in recent charge transport experiments (22). The ambipolar transistor 
behaviour is very well-balanced, i.e. at sufficiently high carrier density the same conductance is 
measured for electron and holes. 
Fig. 2 (b) and (c) show log-scale plots of the source-drain current near the onset of hole and 
electron conduction. A very steep subthreshold slope is visible, corresponding to values of 
subthreshold swing of S ~ 90 meV/decade for electrons and only slightly larger for holes. From 
the theory of conventional semiconductor FETs, S = kT/e ln(10)(1+ CD/CG), where e is the 
electron charge, CD is the depletion capacitance and CG the gate capacitance (37). For CG >> CD, 
one obtains an ultimate limit of S = 66 meV/decade for room-temperature operation, close to the 
observed experimental value (part of the small observed deviation is due to the effect of the 
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additional capacitance between the gate electrode and the electrolyte). This finding provides a 
quantitative measure of the excellent electrostatic coupling between the ionic liquid-gate and the 
FET channel, as well as a clear indication of small charge trapping effects (since the presence of 
traps would lead to large deviation of S from ideality).  
The device output characteristics, measured for both polarities of VG and VD (Fig. 3 (a)-(b)), 
confirm the high-quality of the ambipolar transistor operation. Under accumulation of both holes 
(Fig. 3 (a)) and electrons (Fig. 3 (b)), the current increases at low bias and saturates - as expected 
- when VD becomes comparable to VG. Even if a considerable mismatch between the Fermi level 
of the metal and the WS2 conduction/valence band is present, the ID-VD curves are linear at low 
bias as expected for ideal FET characteristics (see Supplementary Information). This is because 
the injection of charge of both polarities is assisted by electrostatic screening due to  ions (in the 
liquid) close to the metal/semiconductor interface (38,39), which decreases the width of the 
Schottky barrier down to values comparable to the electrostatic screening length in the ionic 
liquid ( 1 - 2 nm). As a result, carrier injection from the source/drain contacts occurs via 
tunneling under the Schottky barrier for both electrons and holes, and not by an over-the-barrier 
thermal activation process (tunnelling-mediated carrier injection is likely also the reason for the 
steep subthreshold slope that is observed independently of the device contact resistance). Finally, 
the steep increase in ID at large (absolute) VD and small VG visible in Fig. 3 (a) and (b) is another 
clear manifestation of ambipolar operations. When VD (in absolute value) is increased well 
beyond VG, the polarity of the channel potential relative to the gate is opposite at the source and 
drain electrode, resulting in the simultaneous injection of electrons and holes at the two different 
contacts (40). This transport regime, in which the current is carried by either electrons or holes in 
different parts of the channel, is commonly observed in high-quality ambipolar transistors (41) 
 7
and has been studied extensively to realize, for example, the so-called organic light-emitting 
transistors (42,43). 
 More information about the semiconductor characteristics can be obtained by analyzing 
quantitatively the VG-range corresponding to the device OFF-state, where the Fermi level is 
swept across the gap of WS2. The extension of this range corresponds to the difference between 
the threshold voltages for electron and hole conduction (i.e., ∆VGAP = (VeTH-VhTH)). It is apparent 
from Fig. 2 (a) that ∆VGAP ~ 1.4 V, but to make the analysis more precise we looked at the data as 
a function of the reference voltage VREF, and measured the transfer curves for different VD to 
obtain the values of VeTH and VhTH by extrapolating to VD = 0 V. The procedure is illustrated in 
Fig. 4 (a)-(e): we find ∆VGAP = (VeTH-VhTH) = 1.4 V, with a ~ +/- 5% experimental error 
originating from the extrapolation procedure (see Fig. 4 (e)). This value nearly perfectly 
coincides with the known band-gap of WS2 (1.3- 1.35 eV) (15,23). As an independent 
confirmation of this result we also measured the displacement current flowing through the gate 
(IG) (44), while sweeping VG (Fig. 4 (b)) with both source and drain electrodes grounded (VS = VD 
= 0 V) (45). This current is mainly associated to charging of the capacitors at both 
electrolyte/gate and electrolyte/semiconductor interfaces. The peaks in IG at approximately VREF 
~ -0.9 V and VREF  ~ +0.4 V correspond to a capacitance change associated to accumulation of 
holes and electrons at the surface of WS2. The distance between the peaks is approximately 1.25 
V, very close to the value of ∆VGAP = 1.4 V extracted from the FET characteristics. Considering 
the ultimate energy resolution at room temperature (approximately 3.5 kT ~ 90 meV), the two 
experimental values are consistent with each other and with the band-gap of the material with a 
10% precision. We conclude, therefore, that we can precisely determine the band-gap of WS2 
from simple transport measurements on a nano-fabricated FET. 
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This conclusion is remarkable because extracting the band-gap of a semiconductor from the 
transfer characteristics of a conventional transistor (ID versus VG) is usually not possible for 
several reasons. These include the contact effects (causing large and uncontrolled threshold 
voltage shifts, not present in our devices where charge injection is mediated by tunneling through 
the Schotkky barrier –as we explained above), the influence of localized energy gap-states on 
charge transport (which provide a parallel conduction path preventing the precise determination 
of the transistor OFF-state, and affect the relation between the change in VG and the 
corresponding change in the chemical potential, see below), and the rather small capacitance of 
conventional solid-state dielectrics. The relevance of the last two phenomena can be understood 
by recalling that the change in the FET gate bias (VG) is related to the change of the 
semiconductor Fermi level position by (46): 
G
FFG C
neEeEVe
2
+∆=∆+∆=∆ φ ,                            (1) 
i.e., a change in VG equals the change of the material chemical potential FE∆  plus the variation 
of the electrostatic potential φ∆e , which for a FET is given by 
GC
ne2
 (n is the surface density of 
accumulated charge; Eq. (1) assumes that the FET channel is sufficiently long to disregard the 
capacitance between the source/drain electrodes and the channel, as in our devices). If Eq. (1) is 
applied to the VG interval corresponding to the transistor OFF-state, 2WSFGAP EVe ∆=∆=∆  only if 
the term 
GC
ne2
can be neglected. In general this cannot be done: this term usually dominates 
because there is a finite density of states in the band gap due to defects in the material (i.e., 
charge is accumulated in localized states inside the band-gap) and because in common 
experiments with solid-state gate dielectrics the capacitance CG is relatively small. However, the 
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ionic liquid-gate makes CG extremely large, and our WS2 crystals have a negligibly small density 
of in-gap states, as shown by both the ideal value of the subthreshold swing S and the low current 
in the OFF-state. As a result, the term 
GC
ne2
 is negligible and 2WSGAPVe ∆=∆ , as found 
experimentally. 
  Finally, we discuss the Hall-Effect measurements that we performed to determine the mobility 
and the density of the charge carriers. As it is apparent from Fig. 5 (a), the transverse resistance 
Rxy(B) is linearly dependent on the magnetic field B at all different positive and negative VG 
values, exhibiting a sign-change when carriers of different polarity are accumulated in the 
channel. The inverse of the slope of Rxy(B) gives directly the carrier density ne,h, and the 
corresponding mobility (
he,he,he,
µ enσ= ) can be calculated from the channel longitudinal 
conductivity σe,h (that is measured simultaneously). In Fig. 5 (b) and (c) both quantities are 
plotted for electrons and holes as a function of VG (or, more precisely, as a function of VG-Ve,hTH, 
i.e. the gate voltage relative to the corresponding threshold voltage). At a comparable distance 
from the threshold, the electron density is approximately three times larger than the hole density 
(at the maximum VG reached in the measurements ne ~ 1014 cm-2 and nh ~ 3.5 1013 cm-2). At the 
same time, at large gate voltages holes have larger mobility than electrons, so that the 
conductivities of electron and holes are comparable (at large VG, µe ~ 20 cm2/Vs and µh ~ 90 
cm2/Vs). An asymmetry between electron and hole density/mobility in ionic liquid-gated 
transistors could originate from the different size of anions and cations (the different size leads to 
different gate capacitance and different ion/carrier interaction) (45). However, the difference 
between the density of states (DOS) of the WS2 valence and conduction bands is also likely to 
give an important contribution to the asymmetry. Theoretical calculations indicate that the width 
of the valence band in WS2 is approximately twice as large as that of the conduction band, 
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implying that the DOS is correspondingly two times smaller in the valence as compared to the 
conduction band (15). Owing to the very large capacitance of the ionic liquid, the amount of 
carriers accumulated in the semiconductor is limited by the DOS, because of the so-called 
quantum capacitance (see for instance the comparison between mono-, bi-, and tri-layer graphene 
in Ref. (46)). Therefore, a smaller DOS in the valence band leads directly to a smaller density of 
accumulated charge. Moreover, the difference in the density of states can also account for the 
difference in mobility, since within a simple Born approximation the scattering rate is 
proportional to the DOS (this mechanism could explain, therefore, the balanced conductivities 
observed in the experiments).  
In conclusion, ionic liquid-gated FETs made on WS2 thin flakes are proven to be ideal 
ambipolar devices thanks to a virtually perfect electrostatic coupling between the ionic liquid-
gate and the transistor channel, and to the very high quality of the employed semiconductor. Our 
results, together with their analysis, show that ionic liquid-gated transistors offer new strategies 
to study quantitatively the electronic properties of nano-materials. In particular, the technique 
discussed here is well-suited for the investigation of layers whose thickness can be reduced down 
to the atomic scale.  
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Supporting Information. Growth of WS2 single crystals, operation mechanisms of ionic liquid-
gated FETs, WS2-transistor output characteristics. This material is available free of charge via the 
Internet at http://pubs.acs.org.  
Corresponding Authors 
* (D. B) braga@ipe.mavt.ethz.ch. * (A. F. M.) alberto.morpurgo@unige.ch  
Present Addresses 
†Optical Materials Engineering Laboratory, ETH Zurich, Universitätstrasse 6, 8092 Zürich, 
Switzerland.  
Acknowledgment 
We gratefully acknowledge A. Ferreira, N. Couto, and N. Minder for technical support and help, 
as well as Prof. László Forró for his support. Financial support from the Swiss National Science 
Foundation and from the NCCR MaNEP is also acknowledged. The WS2 crystal structure in Fig. 
1 (a) has been processed by the free-software Mercury (47).  
 
 
 
 
 
 
 
 12
 
Figure 1. (a) Crystal structure of layered WS2; the purple balls correspond to W atoms, the 
yellow balls to S atoms. (b) Optical microscope image of a six-terminal Hall-bar fabricated on a 
crystalline WS2 thin flake (the scale bar is 10 µm long). (c) Molecular structure of the ionic 
liquid employed as electrolyte-gate dielectric. Both cation [P14]+ and anion [FAP]- are shown. 
(d) Cross section of a WS2 ionic liquid-gated FET. A large area gold mesh and an oxidized 
Ag/AgO wire are used as gate electrode and quasi-reference electrode, respectively. When the 
gate electrode is biased, two electrical double layers are formed at the gate/electrolyte and 
semiconductor/electrolyte interfaces, enabling charge accumulation at the semiconductor surface.  
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Figure 2. (a) Transfer characteristic of a WS2 ionic liquid-gated FET measured at VD = 0.1 V, 
as a function of gate voltage VG (sweep rate 10 mV/s). (b)-(c) (ID-VG) characteristics at the onset 
of hole and electron conduction, with ID plotted in logarithmic scale to show the steep 
subthreshold slopes observed for both polarities.  The dashed lines represent best fits of the 
subthreshold slope for holes (b) and electrons (c). 
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Figure 3. Drain current (ID) versus drain voltage (VD) at different negative (a) and positive (b) 
gate voltages (VG) (as indicated in the legends of the corresponding panels). The drain current 
increases linearly at low bias and saturates when VD becomes comparable to VG, as for a 
conventional MOSFET. Clear ambipolar charge transport manifests itself at low VG and at 
sufficiently large VD of the same polarity, through a steep current increase due to simultaneous 
injection of electrons and holes from the two contacts.  
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Figure 4. (a) Drain current (ID) versus reference voltage (VREF) at different drain voltages (VD). 
(b) Gate electrode current (IG) versus (VREF) (transistor displacement current). IG is measured 
between the gate electrode and the source electrode while sweeping VG. Both the source and the 
drain electrode are grounded to avoid variation of the longitudinal electrostatic potential in the 
channel. (c-d) Onset of electron (VeTH) and hole (VeTH) conduction (threshold voltage) versus 
drain voltage (VD); the threshold voltage values at different VD have been determined by linearly 
extrapolating to zero the (ID – VG) characteristics, as indicated by the dashed lines in Fig. 4 (a). 
(e) WS2 energy band-gap calculated from the threshold voltages reported in Fig. 4 (c-d): e∆VGAP 
= e(VeTH-VhTH). 
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Figure 5. Hall-effect in WS2 ionic liquid gated FETs. (a) Transverse resistance Rxy(B) versus B 
for different positive (upper panel) and negative (lower panel) gate biases (VG – Ve,hTH) (as 
indicated in the corresponding legends). Electron (b) and hole (c) carrier density (ne-h) and Hall 
mobility (µe-h),  as a function of (VG – Ve,hTH).  
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